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ABSTRACT
HESS J1809-193 is an unidentified TeV source discovered by the High Energy Stereoscopic System and originally
classified as a pulsar wind nebula (PWN) candidate associated with the pulsar PSR J1809-1917. However, a recent
study of deep radio observations and the interstellar medium near the source has found evidence for a hadronic
scenario for the gamma-rays. Here, a detailed study of the GeV emission in the region using data from the Fermi LAT
is presented. The GeV emission has an extended morphology in the region of the TeV emission and the overall spectrum
can be accounted for by a cosmic ray population having a simple power-law spectrum with energies extending up to 1
PeV. However, the spectrum at tens of TeV should be observed more deeply in the future to confirm its hadronic nature,
and other scenarios involving combinations of leptonic and hadronic emission from several of the known supernova
remnants in the region cannot be ruled out. The nearby TeV source HESS J1813-178, thought to be a PWN, is also
studied in detail at GeV energies and we find a region of significant emission which is much more extended than the
TeV emission and whose spectrum is softer than expected from a PWN but similar to those seen in several star forming
regions that are believed to accelerate protons. There is marginal evidence for a GeV point source at the location of
the X-ray PWN, beside the extended emission.
Keywords: gamma rays: ISM — ISM: individual (HESS J809-193, HESS J1813-178) — ISM: supernova
remnants
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1. INTRODUCTION
Although supernova remnants (SNRs) have for a long
time been considered the main sources of Galactic cos-
mic rays and even though evidence for the acceleration of
hadrons in some of these systems has been found (Ack-
ermann et al. 2013; Jogler & Funk 2016), the indirectly
measured energies reached by the particles in SNRs are
not even close to the estimated highest energies in Galac-
tic cosmic rays, of the order of PeV. A source of PeV
cosmic rays was recently discovered close to the Galactic
center (HESS Collaboration et al. 2016) but its nature
has not been understood. In fact, many sources of TeV
gamma-rays remain unidentified (e.g., Deil et al. 2015;
Abeysekara et al. 2017) and multiwavelngth studies of
their environment could help reveal the nature of some
of them and contribute to solve the puzzle of the cosmic
ray origin.
We carried out a detailed study of GeV emission in the
region of the TeV sources HESS J1809-193 and HESS
J1813-178 using data from the Fermi Large Area Tele-
scope (LAT), a converter/tracker telescope that detects
photons in the energy range between 20 MeV and > 500
MeV (Atwood et al. 2009). The LAT has revealed thou-
sands of GeV sources and has expanded our knowledge
of the high-energy universe (e.g., Abdo et al. 2010; Acero
et al. 2015; Ajello et al. 2017).
HESS J1809-193 was discovered during a search for
pulsar wind nebulae (PWNe) carried out with the High
Energy Stereoscopic System (H.E.S.S) (Aharonian et al.
2007). The brightness profile was fit with an elliptical
Gaussian with widths 32′ ± 4′ and 15′ ± 2′. The cen-
ter of the ellipse is at the location RA=18h10m31s± 12s,
Dec=−19◦18′±2′ (J2000) (Aharonian et al. 2007). The
TeV spectrum of the source was fit by a power-law
with a spectral index of 2.2 ± 0.1stat. Later, a prelimi-
nary analysis using more data found a spectral index of
2.23 ± 0.05stat, but a 2D symmetric Gaussian was cho-
sen to fit the region of brightest emission (Renaud et al.
2008). The latest TeV maps of the Galactic plane by
H.E.S.S. also seem to show a source with an elongated
morphology (Deil et al. 2015).
The region of HESS J1809-193 is complicated. It con-
tains several SNRs, G11.0-0.0 being coincident with the
peak of the TeV emission. In addition, a pulsar with
a high-spin down energy loss rate, PSR J1809-1917,
is located around 0.1◦ from this peak. Since diffuse
X-ray emission thought to belong to the PWN asso-
ciated with PSR J1809-1917 has been found (Bamba
et al. 2003; Kargaltsev & Pavlov 2007), a PWN origin
for HESS J1809-193 was for some time preferred. Sub-
sequent X-ray observations with Suzaku (Anada et al.
2010) confirmed the existence of diffuse hard X-ray emis-
sion which was previously reported by ASCA and Chan-
dra, and showed that the diffuse emission extends for at
least 21 pc (at a distance of 3.5 kpc to the pulsar PSR
J1809-1917). No signs of cooling via synchrotron emis-
sion along this distance were seen, contrary to expec-
tations for a young PWN, and thus requiring perhaps
small magnetic turbulence to allow for such rapid elec-
tron diffusion (Anada et al. 2010). This scenario has
been suggested to occur in older SNR or PWN such
as HESS J1825-137, with an associated pulsar having
a characteristic age of 21 kyr (e.g., Bamba et al. 2005;
Uchiyama et al. 2009). For comparison, the characteris-
tic age of PSR J1809-1917 is 51 kyr (Morris et al. 2002),
while the age of the SNR G11.0-0.0 is unknown. There is
also a second energetic pulsar, PSR J1811-1925, farther
from the center of HESS J1809-193 and more distant
than J1809-1917 (5 kpc, Manchester et al. 2005), at the
center of SNR G11.2-0.3. Rangelov et al. (2014) argued
that this pulsar and the SNR as well as the X-ray binary
XTE J1810189 and binary candidate Suzaku J18111900
found to the NE of the peak of TeV emission cannot be
responsible for the gamma-rays.
Castelletti et al. (2016) recently carried out a search
for the counterpart to the proposed PWN driven by PSR
J1809-1917 using deep radio observations from the Karl
G. Jansky Very large Array, but no such counterpart
was found. Additionally, their study of the interstellar
medium in the direction of the source revealed several
molecular clouds at the shock front of the SNR G11.0-
0.0, a location that coincides with the brightest peak of
the TeV gamma-rays, as well as evidence for interaction
between the SNR and the clouds. The distance to the
SNR and the clouds estimated by Castelletti et al. (2016)
is 3 kpc. In view of this, hadronic interactions were
proposed by these authors to explain the origin of the
gamma-ray emission.
Two unidentified LAT point sources have been as-
sociated to HESS J1809-193 or found in the region of
the TeV source, 3FGL J1810.1-1910 and 3FGL J1811.3-
1927c (Acero et al. 2015). Very close to 3FGL J1811.3-
1927c the source 3FHL J1811.5-1927, found in The
Third Catalog of Hard Fermi-LAT Sources (Ajello et al.
2017), is associated to the pulsar SWIFT J1811.5-1925.
Another interesting source seen near HESS J1809-
193 is HESS J1813-178. It was discovered in 2005
by H.E.S.S. (Aharonian et al. 2005). It is a com-
pact TeV source (i.e., nearly pointlike for H.E.S.S.).
When the 2D brightness profile was fit by the func-
tion ρ ∝ e−r2/2σ2 , an extension value of σ = 3′ (with
an statistical error of 10-30%) was found, and a peak
position at RA=18h13m36s, Dec=−17◦50′ (J2000), with
an statistical error in the range 1-2 arcmin (Aharonian
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et al. 2005). No counterpart to the gamma-rays was
known originally but the source has been associated
with the SNR G12.82-0.02 after the discovery of non-
thermal radio and X-ray emissions in the region (Bro-
gan et al. 2005; Ubertini et al. 2005). The source prop-
erties were later confirmed at TeV energies by MAGIC
(Albert et al. 2006), which reported a spectrum con-
sistent with a simple power-law with a spectral index
of 2.1± 0.2stat± 0.2sys (in the range 0.4-10 TeV). XMM-
Newton X-ray and NANTEN observations later revealed
a resolved non-thermal X-ray source in the center of the
SNR and a giant molecular cloud near HESS J1813-178,
respectively (Funk et al. 2007). Attributing the gamma-
rays to hadrons in the shell of the SNR, a maximum pro-
ton energy of 100 TeV is needed, while a leptonic/PWN
scenario linking the compact X-ray core and the TeV
gamma-rays requires electron energies in excess of 1 PeV
(Funk et al. 2007).
A highly energetic pulsar, capable of powering the par-
ticles producing the TeV emission, PSR J1813-1749, was
later discovered near the center of the SNR G12.82-0.02
overlaping the TeV source (Gotthelf & Halpern 2009).
The distance to the pulsar was deduced to be 4.7 kpc by
association with an adjacent young stellar cluster (Got-
thelf & Halpern 2009; Messineo et al. 2008), however, a
large X-ray column density measured was found to ex-
ceed the visual extinction to the cluster, which means
that the actual distance may be larger (Halpern et al.
2012). A search for GeV emission from PWN with the
LAT did not yield any detection for HESS J1813-178
recently (Acero et al. 2013), but two unidentified LAT
point sources are found in the region, namely, 3FGL
J1814.0-1757c and 3FGL J1814.1-1734c (Acero et al.
2015). The source is currently classified as a PWN can-
didate.
We report the detection of extended emission in the
range 0.5-500 GeV in the regions of HESS J1809-193 and
HESS J1813-178. In both cases, the emission shows a
simple porwer-law spectrum with a similar spectral in-
dex as that of the corresponding TeV source (∼2.2 and
2.1, respectively) which can be explained by hadronic
processes and is difficult to explain with inverse Comp-
ton (IC) emission from high-energy electrons alone. For
the case of HESS J1809-193, the hadronic scenario re-
quires a proton distribution extending up to 1 PeV. In
the case of HESS J1813-178, the GeV source is much
more extended than the TeV emission.
2. FERMI LAT DATA
We analized data from the beginning of the mission
(August 2008) to July 2017 with the most recent re-
sponse functions (effective area, point-spread function
and energy resolution, Pass 8) and version v10r0p5 of
the ScienceTools. The event class SOURCE was used
and events having a maximum zenith angle of 90◦ were
selected to avoid contamination from events produced
in interactions with the Earth, as well as time intervals
when the data quality was good. The data are binned
spatially using a scale of 0.1◦ per pixel and, for expo-
sure calculation, in ten logarithmically spaced bins per
decade in energy. Filtered events reconstructed within a
radius of 20◦ around the reported TeV centroid of HESS
J1809-193, and in the energy range 0.2-500 GeV, were
used for analysis.
The LAT tools fit a model to the data (including
the residual charged particles and diffuse gamma-rays)
making use of the maximum likelihood technique (Mat-
tox et al. 1996). The likelihood L is the probability of
obtaining the data given an input model. The model
includes the spatial features and locations of sources
and their spectra, including the Galactic diffuse emis-
sion, given by the file gll iem v06.fits, and the residual
background and extragalactic emission, given by the file
iso P8R2 SOURCE V6 v06.txt, which are provided by
the LAT team. The likelihood is calculated as the prod-
uct of the Poisson probabilities for each bin that is used
to divide the data. The fit starts with an initial model
containing the diffuse emission and the sources found in
the LAT Third Source Catalog (3FGL, Acero et al. 2015)
within the region of interest, but additional sources were
added later to improve the model as it might be expected
for a larger data set than used in the catalog. The de-
tection significance as well as the best-fit morphological
and spectral parameters of sources were estimated with
the test statistic (TS), defined as −2×log(L0/L), with L
and L0 the values of the likelihood functions for nested
models. The TS is maximized when L is maximized and
it has a known distribution, therefore, its value is a mea-
sure of the goodness-of-fit. Comparing the TS values for
different models in this work provided a criterion to se-
lect the best-fit spectral and morphological properties of
the emission in the region of the H.E.S.S. sources.
2.1. Morphology of the sources
In order to take advantage of the improved resolution
at higher energies, we studied the morphology of the
sources above 5 GeV. As a first step, we optimized the
location and shape of new significant sources seen in the
residuals maps. Later, when the analysis was done at
lower energies, even more sources (with soft gamma-ray
spectra) had to be added to the region of interest to im-
prove the fit and fully consider their effect. Whenever
a point source was added to the model, the tool gtfind-
src was used to optimize its location. When instead an
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extended excess was found, a systematic search for the
maximum TS value was done by fitting an uniform disc
template along a grid of positions and using a range of
radii at each position (changing each in steps of 0.1◦).
For simplicity, a simple power-law spectrum is used for
additional background sources, fitting also the normal-
ization and spectral index each time.
The unidentified 3FGL sources 3FGL J1810.1-1910,
3FGL J1811.3-1927c in the region of HESS J1809-193,
as well as 3FGL J1814.0-1757c and 3FGL J1814.1-1734c
possibly associated to HESS J1813-178, were removed
from the model. They all have a relatively flat spec-
tral energy distribution and thus are probably part of
the extended emission found here with a more detailed
analysis. The source 3FGL J1808.5-1952, to the SW of
HESS J1809-193, remained in the model, as it has a soft
GeV spectrum and is associated to a globular cluster and
thus is not part of the TeV source. In the fit, the normal-
izations of the 3FGL sources located within 7◦ from the
center of the region of interest were set free, while the
rest were fixed to the cataloged values. Based on the in-
spection of the residual analysis obtained after an initial
fit with the 3FGL model, it was evident that additional
sources from the hard LAT source catalog (3FHL) in
the region of interest needed to be added, these included
extended sources such as 3FHL J1804.7-2144e (contain-
ing the unidentified TeV source HESS J1804-216), 3FHL
J1800.5-2343e in the W28 region, and the point source
3FHL J1801.5-2450, classified as a pulsar in the W28
region (Ajello et al. 2017). Both the normalization and
spectral index of these 3FHL sources were kept free in
the fits.
After improving the model in this way for events above
5 GeV, the new residuals show apparently extended ex-
cess emission in the regions of HESS J1809-193 and
HESS J1813-178. The GeV excess at the location of
HESS J1809-193 seemed to be elongated, approximately
following the TeV emission. Fig. 1 shows a TS map
obtained for HESS J1809-193 using a point source hy-
potesis which reveals significant emission.
A detailed study of the morphologies was carried out
and the results are shown in Table 1. We used different
hypotheses for the morphology of the emission, includ-
ing the point sources reported in the 3FGL catalog for
HESS J1809-193. In the case of HESS J1813-178, the
point sources from the 3FGL catalog are located rela-
tively far away from the peak of the excess and thus new
locations were optimized with the larger data set used
here. For HESS J1809-193, the TeV template obtained
from the count map shown in the H.E.S.S. discovery pa-
per Aharonian et al. (2007) was also used.
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Figure 1. TS map for a point source hypothesis in the region
of HESS J1809-193. It was obtained with LAT data above 5
GeV after fitting a point source located at each pixel in the
map. The position of the pulsar PSR J1809-1917 is indicated
by a white ‘x’. The dashed yellow circle represents the bor-
der of the best fit disc template found in this work and the
green contours represent the H.E.S.S. significance contours
at levels from 3σ to 8σ in steps of 1σ, from Aharonian et al.
(2007). The smaller cyan circles represent the sizes and lo-
cations of SNRs in the region according to the database of
SNR observations by Ferrand & Safi-Harb (2012) (see also
http://www.physics.umanitoba.ca/snr/SNRcat/), clockwise
starting from the one located at the highest declination:
G11.4-0.1, G11.1+0.1, G11.0-0.0 and G11.2-0.3.
For both H.E.S.S. sources, considerable residuals are
seen after subtracting the point source hypothesis model
from the data. As can be seen in Table 1, the quantity
TSdisc−TSpoint=2×(log(Ldisc)-log(Lpoint)), a measure of
the source extension, is much greater than 16, the typ-
ical threshold used to claim that a source is extended
(e.g., Acero et al. 2016). Additionally, in both cases,
the TS of the disc morphology is greater than the TS of
the two point sources, which is another criterion that has
been applied to distinguish between an extended source
and a combination of point sources (The Fermi LAT Col-
laboration et al. 2017). The best-fit disc radii, spectral
indices and center locations (J2000) for HESS J1809-
193 and HESS J1813-178 are 0.5 ± 0.15◦, 2.22 ± 0.12,
RA=18h10m22s, Dec=−19◦26′ (±0.2◦), and 0.6± 0.06◦,
2.07± 0.09, RA=18h13m10s, Dec=−17◦37′ (±0.05◦), re-
spectively. The radii and location errors are given at the
3σ level.
After subtracting the best-fit model with the uniform
disc hypothesis for HESS J1813-178 to the data some
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photons are observed clustered at the location of the
TeV peak. We fit the position of a new point source
on top of the disc template for HESS J1813-178, and as
can be seen in the Table there is some evidence at the
3σ-level for the contribution of a point source besides
the extended emission (TSdisc+point−TSdisc=18, for 4 ad-
ditional degrees of freedom). The location of this point
source was found to be RA=18h13m51s, Dec=−17◦51′
(and 3′ 1σ error circle radius), which is consistent with
the peak of the TeV emission. However, the individual
TS of the point source obtained in a fit was slightly be-
low the threshold of 25 to claim a detection. This was
also true in the other energy intervals studied and we
decided to only use a disc in the final model for HESS
J1813-178.
For HESS J1809-193 and HESS J1813-178 the ex-
tended templates provide a much better fit compared
to the point source hypothesis. In the case of HESS
J1809-193, both the disc morphology and TeV counts
map template can be considered good representations of
the GeV morphology. We used the disc template to es-
timate the spectral parameters and used the TeV counts
map template to estimate a systematic uncertainty that
we added to the statistical uncertainty for those parame-
ters. We conclude that extended emission is significantly
detected in the region of the TeV sources.
2.2. Spectral shapes and additional soft background
sources
When we fit the model found previously to data in
the energy interval 1-500 GeV, several new residuals
unrelated to HESS J1809-193 and HESS J1813-178 ap-
peared in different parts of the region of interest, most
notably at the location of the unidentified TeV source
HESS J1808-204, and close to the point source 3FGL
J1809.2-2016c. The emission seems to be extended and
we optimized the location and size of a disc template
to account for it. The center position and radius of the
resulting disc were RA=18h08m23s, Dec=−20◦30′ and
0.3◦, respectively. The source significance and spectral
index were 8σ and 3.1 ± 0.7 above 1 GeV. Similarly,
we added other sources that are relatively significant
and have very soft spectra (with spectral indices in the
range 2.6-3.1) at the coordinates (all given in degrees)
RA,Dec: 273.53,-17.8 to the East of HESS J1813-178,
271.65,-21.345 close to W30, 274.492, -20.079 outside
the Galactic plane and 275.08, -16.21 about 2.2◦ NE
of HESS J1813-178. Finally, a 0.3◦-radius disc tem-
plate was found to the South of the region of inter-
est, with center at the coordinates RA=272.96, Dec=-
24.106 (with spectral index ∼2.8 and overall significance
∼ 11σ), having the unidentified source 3FGL J1810.8-
2412 at the border, both of which might be related to
SNR G7.5-1.7. The addition of all these sources was
found to have no effect on the morphological studies
done at higher energies.
We chose the energy range 0.5-500 GeV to make the
final spectral analysis because substantial soft emission
not accounted for by our model was seen below 500
MeV near HESS J1809-193, and that complicated the
analysis at the lowest energies. The residuals in the fi-
nal energy range chosen were acceptable and therefore
the model was a good representation of the data. As
shown in Table 2, the spectra of the GeV sources coin-
cident with HESS J1809-193 and HESS J1813-178 are
better described by a simple power-law with fewer de-
grees of freedom than the other models corresponding to
“curved” spectra. The spectral indices and integrated
fluxes are, respectively for HESS J1809-193 and HESS
J1813-178, 2.22±0.08, (1.68±0.1)×10−8 photons cm−2
s−1 and 2.14 ± 0.04, (2.0 ± 0.11) × 10−8 photons cm−2
s−1. Table 2 shows the final TS values, which corre-
spond to detection significances of 19.5σ and 21.6σ for
HESS J1809-193 and HESS J1813-178, respectively.
We binned the LAT data in ten energy bins equally
spaced logarithmically in the 0.5-500 GeV range to mea-
sure the source flux and plot spectral points next to
the global fit. Whithin each interval, we fixed the spec-
tral indices of the sources associated to HESS J1809-193
and HESS J1813-178 to the value found above and fit
the normalization to calculate the photon flux. 95%-
confidence level upper limits on the flux are calculated
for intervals without a source detection. The individ-
ual flux values are consistent with the fits in the entire
energy range and we present the spectral energy distri-
bution (SED) models in the following section.
3. MODELING
3.1. HESS J1809-193
The gamma-ray spectrum of the emission in the region
of HESS J1809-193 is extended and shows a spectral in-
dex of 2.22± 0.05 which is entirely consistent with that
measured at TeV energies, 2.23 ± 0.05 (Renaud et al.
2008). Motivated by this fact, we fit the GeV-TeV spec-
tral points to a radiative model from hadronic inter-
actions through Markov Chain Monte Carlo sampling
of likelihood distributions of the fit parameters (with a
simple power-law particle spectrum) using the numeri-
cal code Naima (Zabalza 2015). This code implements
a parametrization of the gamma-ray production cross-
sections for pp interactions from Kafexhiu et al. (2014).
The resulting best-fit particle spectral index and its 1σ
error was 2.22 ± 0.02 (χ2 = 27 for 14 degrees of free-
dom). This result is not surprising since the gamma-ray
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Table 1. TS values above 5 GeV for different spatial morphologies with respect to the null hypothesis.
Spatial model HESS J1809-193 HESS J1813-178 D.o.f.a
Uniform disc 97.5 162 5
TeV counts map 76.7 — 2
1 point source 44 65 4 (2)b
2 point sources 60 92 8 (4)b
Disc + point source — 180 9
aAdditional degrees of freedom with respect to the null hypothesis.
bThe point sources in the HESS J1809-193 region are located at the known positions of the 3FGL sources, and thus the model has fewer
degrees of freedom in this case.
Table 2. TS valuesa for different spectral shapes for HESS J1809-193 and HESS J1813-178 (0.5-500 GeV).
Spectral shape HESS J1809-193 HESS J1813-178
Simple power-law 381.5 467
LogParabola 381.5 467
Power-law with 381.5 467
exponential cutoff
aCalculated with respect to the null hypothesis.
spectrum follows the particle distribution and both of
their spectral indices should be similar. Using a particle
distribution that is a power-law with an exponential cut-
off, the resulting cutoff energy in the fit tends towards
the upper bound in the allowed range when the range
is increased, and thus the data were not able to con-
strain it. The data and model are shown in Fig. 2 for
a particle distribution with a cutoff energy of 1 PeV. It
should be kept in mind that the simplified model shown
here using one single population may be an oversimpli-
fication of the real situation. A complete explanation of
the morphology of the gamma-ray emission should in-
volve the modeling of cosmic ray diffusion, which was
not taken into account here.
The hadronic scenario for HESS J1809-193 is sup-
ported by the recent observations of Castelletti et al.
(2016) and this work proves that this source could be
a cosmic ray pevatron. From the same fit using Naima
(Zabalza 2015) it was found that the total energy needed
in the high-energy protons is
6.2× 1049 erg
(
10 cm−3
n
) (
d
3 kpc
)2
for a source distance d (in kpc) and a target density n
(in cm−3).
Typical kinetic energies in SNRs are of the order of
1051 erg. It is believed that around 10% of this energy
can be transferred to cosmic rays (although this value
is highly uncertain, see, e.g., Dermer & Powale 2013)
and therefore using this conversion efficiency an average
density of 6 cm−3 is required for a source distance of
3 kpc. As mentioned before, Castelletti et al. (2016)
made a thorough analysis of ambient structures in the
region of the TeV source. They discovered a system of
molecular clouds physically related to the shock front of
the SNR G11.0-0.0 at an estimated distance of 3 kpc,
coincident with the peak of the TeV emission and with
a total proton density in the range 2− 3× 103 cm−3.
The possibility that HESS J1809-193 is accelerating
protons to PeV energies is extremely interesting and rel-
evant to the theory of cosmic ray origin. Although the
current paradigm for the origin of cosmic rays requires
that SNRs act as pevatrons for at least some time dur-
ing their evolution, no known SNR shows a gamma-ray
spectrum that is compatible with this idea. Only one
unidentified pevatron candidate is known, and it is lo-
cated in the Galactic center region (HESS Collaboration
et al. 2016). However, a considerable fraction of the TeV
emission from this region can alternatively be explained
by leptonic emission from a pulsar population expected
to exist near the Galactic center (Hooper et al. 2017).
The results presented here do not, of course, prove that
HESS J1809-193 is a pevatron but give evidence in favor
of a hadronic scenario for the gamma-ray data (specif-
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Figure 2. Hadronic model for HESS J1809-193. The par-
ticle distribution is a power-law with an exponential cutoff
(index 2.22 and cutoff energy 1 PeV). The triangles are the
LAT data from this work (with the overall 0.5-500 GeV best-
fit and uncertainty band) and the circles are H.E.S.S. mea-
surements (Aharonian et al. 2007).
ically at GeV energies). The nature of the GeV to
TeV emission has to be confirmed as hadronic in the fu-
ture (using more detailed multiwavelength observations
and modeling) and the spectrum of the source needs to
be accurately measured at tens of TeV to confirm the
H.E.S.S. results and to explore if the spectrum extends
to higher energies than those measured so far. For this
purpose, currently operating TeV observatories such as
the High-Altitude Water Cherenkov Gamma-Ray Ob-
servatory (Abeysekara et al. 2013) may be able to mea-
sure the source spectrum at the highest energies, and
future TeV observatories such as the Cherenkov Tele-
scope Array (Hermann & CTA Consortium 2011) will
offer a substantial improvement in resolution which is
crucial to locate the emission regions. The confirmation
of the acceleration of cosmic rays to PeV energies in the
HESS J1809-193/G11.0-0.0 system would be a consid-
erable advancement in the understanding of the origin
of cosmic rays, as it would be the first case involving a
known SNR.
3.1.1. Alternative scenarios: contributions from several
SNRs
The SNRs that are seen in the region have small an-
gular sizes and the emission from their shells would be
close to point-like for Fermi (see Fig. 1). The gamma-
ray emission in the region of HESS J1809-193, on the
other hand, is better described by an extended hypoth-
esis. One may explain this emission by proposing the
existence of a previously unknown extended SNR in the
region to account for the gamma-rays. However, deep
radio imaging does not show evidence for such an SNR
(Castelletti et al. 2016), which would be visible at those
wavelengths through synchrotron radiation.
Considering the fact that the known SNRs in the re-
gion of HESS J1809-193 are located close to each other
in the sky it might be possible that the LAT observa-
tions cannot distinguish the gamma-ray contributions
from them. We point out that the shape of the SED
at gamma-ray energies can be explained by leptonic or
mixed scenarios involving leptonic and hadronic contri-
butions from several or all of the SNRs in the region.
The SNRs are likely located at different distances.
For G11.4-0.1, Pavlovic et al. (2014) and Brogan et al.
(2004) give values of 8.4 kpc and 9 kpc, respectively,
estimated from the radio surface brightness - diameter
(Σ−D) relation. Some distances found in the literature
for the other SNRs are 8.3 kpc for G11.1+0.1 implied
by the same relation (Pavlovic et al. 2014), although if
G11.1+0.1 is associated to the pulsar PSR J1809-1917
its distance would be 3.7 kpc (Morris et al. 2002), and
9.8 kpc and 3.0 kpc for G11.0-0.0 (Pavlovic et al. 2014;
Castelletti et al. 2016). G11.2-0.3 contains a compact
X-ray PWN near its center (Roberts et al. 2003) and it
has been studied in detail. Several derived distances or
distance constraints for G11.2-0.3 are 10 kpc, 6 kpc, 4.4
kpc and >4.5 kpc (Pavlovic et al. 2014; Brogan et al.
2004; Kilpatrick et al. 2016; Radhakrishnan et al. 1972,
respectively). Green (2004) and Minter et al. (2008) also
derived distances to G11.2-0.3 of 4.4 kpc and 5.5-7.7 kpc,
respectively.
We may assume that only the sources G11.1+0.1 and
G11.0-0.0 are located at comparable distances of 3-4
kpc, and we show next the SED plots with simple lep-
tonic and mixed models that can explain the available
data, including the radio fluxes from these two sources.
The models shown are not actual fits to the data but
simple comparisons of the flux levels assuming the same
leptonic spectra is produced in the sources. Although
exploring all possible parameter space is outside the
scope of this paper, we may give estimates of the values
for some of the physical parameters required. Since the
distances cited above for G11.4-0.1 were obtained from
the Σ − D relation whose validity has been questioned
strongly in the literature (e.g., Green 2004), we consider
that its distance is unknown and include its fluxes in the
plots for comparison.
Fig. 3 shows a mixed leptonic and hadronic model
where the TeV emission comes from high energy lep-
tons scattering off cosmic microwave background pho-
tons (IC-CMB), and the GeV emission, having a spec-
trum that is softer than expected from IC-CMB inter-
actions, comes from hadronic collisions. The particle
distributions in both cases are described by a power-law
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with an exponential cutoff and index 2.2. The cutoff
energies are 1 TeV for hadrons and 50 TeV for leptons,
while their total energies are 4.8 × 1049 erg
(
10 cm−3
n
)
and 1.0 × 1049 erg, respectively, for a source distance
of 3 kpc and target density n. The existence of high-
energy leptons gives rise to synchrotron fluxes at a level
which depends on the average magnetic field. Although
the magnetic field is expected to be amplified in an SNR,
with respect to its value in the interstellar medium (e.g.,
Bell & Lucek 2001), some observations imply relatively
low average field values (∼ 5-10 µG) for some gamma-
ray emitting SNRs (e.g., Ajello et al. 2016; Araya 2017).
Fig. 3 shows the resulting synchrotron fluxes and the
measured fluxes of three SNRs, chosen based on the pre-
vious discussion. Synchrotron fluxes were obtained for a
magnetic field of 3 µG. The radio data were taken from
the literature (Kassim 1989; Brogan et al. 2006). The
particles producing the gamma-rays may thus be sup-
plied by the SNRs in the region and their level of radio
emission is compatible with the model. Of course, only
observations of X-ray synchrotron emission can provide
evidence for leptons having the necessary energies to ac-
count for the TeV emission.
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Figure 3. The gamma-ray data shown in Fig. 2 and the
measured synchrotron fluxes. The model is a mixed model
involving leptonic (dotted line) and hadronic (dashed line)
components for the GeV-TeV emission from HESS J1809-
193. The solid line is the sum of these two components. The
corresponding fluxes from synchrotron emission are shown
for an average magnetic field value of 3 µG (dash-dotted
lines).
The gamma-ray SED of HESS J1809-193 is also
compatible with a purely leptonic model consisting of
bremsstrahlung emission producing most of the GeV
fluxes and IC-CMB producing TeV emission. It was
found that a single population with an energy distri-
bution in the form of a power-law with index 2.35 and
an exponential cutoff energy of 70 TeV reproduces the
observed high-energy fluxes, as shown in Fig. 4. The
resulting fluxes from synchrotron emission are compat-
ible with the sum of the individual radio fluxes from
G11.1+0.1 and G11.0-0.0. The required total energy
in leptons is 5.4 × 1049 erg for a distance of 3 kpc and
the density of the target material for bremsstrahlung
emission is 10 cm−3. The level of X-ray synchrotron
emission from the same leptons should be detectable
even for a relatively low average magnetic field of 3 µG.
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Figure 4. The same data shown in Fig. 3 with a lep-
tonic model for HESS J1809-193. The dashed line is the
bremsstrahlung spectrum and the dotted line is IC-CMB
emission, while the solid line is the sum of these two compo-
nents. Synchrotron emission is shown for a magnetic field of
3 µG (dash-dotted lines).
Finally, as pointed out by Castelletti et al. (2016), star
formation activity could also play a role in producing
the gamma-rays seen from HESS J1809-193. Several
bright HII regions lie within the boundary of the VHE
source (see the next section for details on some of the
observed gamma-ray spectra and morphologies of star
forming regions).
3.2. HESS J1813-178
In the case of HESS J1813-178 similar scenarios to
those for HESS J1809-193 could be considered. Inter-
estingly, the spectral indices measured at TeV and GeV
energies are compatible (∼ 2.1). However, the TeV emis-
sion seems to be compact while the GeV emission is very
extended (as seen in Section 2, the radius found was
0.6± 0.06◦ for a disc-like hypothesis). Different popula-
tions of cosmic rays might produce independent compo-
nents of emission at GeV and TeV energies. However,
little is known about the effects of, for example, a chang-
ing environment in the spectra of gamma-ray emission
produced by hadrons or leptons. Remarkably, for ex-
ample, similar morphologies have been seen at GeV and
TeV energies for SNR IC 443 whose gamma-rays are of
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hadronic origin (Ackermann et al. 2013) but there are
different ambient properties throughout the emission re-
gions (Humensky & VERITAS Collaboration 2015).
From the fact that the GeV emission that we found
here is very extended while current TeV observations
seem to show only a compact source at the highest en-
ergies, we only considered here an scenario for the GeV
gamma-rays, as the TeV emission might come from a
PWN powered by PSR J1813-1749. The spectral shape
of the emission can be easily explained by a hadronic
accelerator, perhaps the SNR G12.82-0.02 or one of the
other SNRs in the region (see a catalogue of SNRs by
Ferrand & Safi-Harb 2012), and hard to explain in a
leptonic scenario where the expected emission is harder
(although note that this might not always be true for a
PWN, as it is believed to be the case for Vela-X, e.g.,
Grondin et al. 2013). The role of SNR G12.82-0.02 in the
production of the TeV gamma-rays has been explored
before by Funk et al. (2007), who found that both lep-
tonic and hadronic scenarios are compatible with the
multiwavelength observations of this object. If the GeV
emission that we found, on the other hand, is produced
by cosmic rays accelerated in this SNR, these particles
would have already escaped from the object and would
be propagating in the interstellar medium, as the SNR
itself has a much smaller angular size (∼ 3′) compared
to the ∼ 1.2◦ of the GeV emission found here.
Interestingly, there is a giant star forming region
(SFR) known as W33 within the LAT source. It is char-
acterised by having very massive stars and vigorous star
formation activity (e.g., Messineo et al. 2015). It sub-
tends 15′ and is located at a distance of 2.4 kpc (Immer
et al. 2013). It has been proposed that star forming re-
gions might be able to accelerate cosmic rays through
the combined winds of massive stars and some of these
regions have been detected in gamma-rays (e.g., Ce-
sarsky & Montmerle 1983; Bykov & Toptygin 2001; Kat-
suta et al. 2017), being the one in the Cygnus X region
perhaps the most famous example (Ackermann et al.
2011). Known as the Cygnus Cocoon, the GeV emis-
sion is very extended (∼ 4◦) and has a relatively hard
spectrum (photon index ∼ 2.2). Recently, Katsuta et al.
(2017) found several extended regions of GeV emission
within ∼ 2◦ of the Galactic coordinates (l, b) = (25◦, 0◦)
having similar photon spectral indices of 2.1 ± 0.2 and
no spectral curvature in the LAT range, as well as no
clear counterparts at lower energies. They present a
plausible scenario where this emission is from a previ-
ously unknown SFR supported by the confinement of
the GeV emission by bubble-like structures seen at lower
wavelengths and related to the putative OB association,
as well as similarities with the Cygnus Cocoon. Pre-
liminary results in the Fermi High-Latitude Extended
Source Catalog show three similar objects tentatively
associated to SFRs (Wood et al. 2017).
Although the GeV emission found here is more ex-
tended than W33, perhaps this could similarly point to
the presence of a previously unknown component of star
formation which could be related to W33. The GeV
spectral index, the extension and the lack of spectral
curvature found here are features that are similar to
those seen in the previous examples of SFRs. The di-
ameter of the GeV region is ∼ 50 pc for a distance of
2.4 kpc, about half the size of the Cygnus Cocoon. Fol-
lowing the usual motivation for hadronic models for the
GeV emission from SFRs, due to their spectral shape,
Fig. 5 shows the gamma-ray SED of the extended emis-
sion in the direction of HESS J1813-178 with a hadronic
model where the cosmic rays have a distribution in the
form of a power-law with index 2.15 and a cutoff en-
ergy of 80 TeV (the TeV data points from H.E.S.S. are
included only for reference, please note that the TeV
emission is compact and possibly associated to a PWN).
The required total energy in the particles is (normalized
to the distance to W33)
4.2× 1050 erg
(
1 cm−3
n
) (
d
2.4 kpc
)2
,
which is similar to the energy found in the Cygnus Co-
coon (Ackermann et al. 2011). We note that as found
by Katsuta et al. (2017) a leptonic scenario for typical
parameters in SFRs could also be used to explain the
GeV gamma-rays (invoking bremsstrahlung emission),
and we refer the reader to their work for an example of
such a model.
Finally, other SNRs are known within the location of
the GeV emission: G12.5+0.2, G12.7-0.0 and G13.5+0.2
(Ferrand & Safi-Harb 2012). It is then possible that the
extended gamma-rays are contributed by several of these
objects which cannot be resolved by the LAT. A com-
bination of accelerators may produce cosmic rays that
escape and interact with molecular clouds. Some clouds
are known to exist at least near HESS J1813-178 (Funk
et al. 2007). As mentioned before, rapid electron dif-
fusion away from a PWN could produce an unusually
steep GeV spectrum (Hinton et al. 2011). Even a previ-
ously unknown SNR located at a closer distance could
be responsible for the emission and explain its extension.
More observations are needed towards HESS J1813-178
to understand the environment and the origin of the
high-energy particles.
4. SUMMARY
10 Araya, M.
Energy (eV)
 
E
2d
N dE
  (
er
g 
cm
−
2 s
−
1 )
106 107 108 109 1010 1011 1012 1013 1014
10−13
10−12
10−11
10−10
HESS J1813-178
HESS compact sourceLAT extended source
Figure 5. Spectral energy distribution and hadronic model
for the GeV source in the region of HESS J1813-178 (labeled
“LAT extended source”). The TeV data points for HESS
J1813-178 are shown only for reference (labeled “HESS com-
pact source”). As explained in the text, since the TeV emis-
sion is compact and is believed to come from a PWN, while
the GeV emission is considerably extended, the model shown
here is not meant to apply to the TeV data points.
Significant extended emission in the energy range 0.5-
500 GeV was found with LAT data in the region of the
TeV sources HESS J1809-193 and HESS J1813-178.
In the case of HESS J1809-193 the morphology of the
GeV emission is compatible with the TeV morphology
and the spectrum suggests a hadronic scenario, which is
supported by other recent observations, however, mixed
scenarios involving IC emission and hadronic emission
as well as plausible bremsstrahlung fluxes at GeV en-
ergies cannot be discarded. In the hadronic scenario,
the GeV-TeV data require cosmic rays with energies up
to 1 PeV and, for a distance of 3 kpc to the source,
an average target density for proton interactions of ∼10
cm−3 is needed within the ∼ 1◦ region of high-energy
emission for typical SNR shock energetics. This makes
HESS J1809-193 a very interesting target for future TeV
observations.
In the case of HESS J1813-178, the GeV emission is
much more extended than the TeV emission (∼ 1.2◦)
and its spectrum is softer than that expected from the
IC emission which is usually seen from leptons in a PWN
(although an exception to this is seen in Vela-X). There
is marginal evidence for a point source at GeV energies
at the location of the peak of TeV emission, pressum-
ably related to the PWN, besides the extended emission.
The energetics, extended morphology and spectrum of
the GeV emission are similar to those of SFRs that are
thought to produce high energy particles (either leptons
or hadrons), such as the Cygnus Cocoon. This region
could be related to the W33 SFR but should have a
larger angular size to explain the GeV emission. Other
accelerators such as the SNRs that are known in the
region could also contribute to the emission.
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